Abstract The recent recognition of receptor-mediated ATP signalling as a pathway of epithelial pro-inflammatory cytokine release challenges the ubiquitous role of the TLR4 pathway during urinary tract infection. The aim of this study was to compare cellular responses of renal epithelial cells infected with uropathogenic Escherichia coli (UPEC) strain IA2 to stimulation with ATP-γ-S. A498 cells were infected or stimulated in the presence or absence of apyrase, that degrades extracellular ATP, or after siRNA-mediated knockdown of ATP-responding P2Y 2 receptors. Cellular IL-8 release and global gene expression were analysed. Both IA2 and A498 cells per se released ATP, which increased during infection. IA2 and ATP-γ-S caused a ∼5-fold increase in cellular release of IL-8 and stimulations performed in the presence of apyrase or after siRNA knockdown of P2Y 2 receptors resulted in attenuation of IA2-mediated IL-8 release. Microarray results show that both IA2 and ATP-γ-S induced marked changes in gene expression of renal cells. Thirty-six genes were in common between both stimuli, and many of these are key genes belonging to classical response pathways of bacterial infection. Functional analysis shows that 88 biological functionannotated cellular pathways were identical between IA2 and ATP-γ-S stimuli. Results show that UPEC-induced release of IL-8 is dependent on P2Y 2 signalling and that cellular responses elicited by UPEC and ATP-γ-S have many identical features. This indicates that renal epithelial responses elicited by bacteria could be mediated by bacteria-or host-derived ATP, thus defining a key role of ATP during infection.
Introduction
The uroepithelial cells lining the urinary tract constitute a fundamental barrier against invading bacteria. In addition to its mechanical protection, it also displays both specific responses, through activation of Toll-like receptors (TLR) and, more unspecific, through responses to damage (or danger)-associated molecular pattern (DAMP) molecules. DAMPs are molecules that initiate and maintain non-infectious inflammatory response, and many of these are intracellular proteins released or leaked during tissue injury. However, DAMPs also include non-protein molecules such as the nucleotide ATP [1] that are released during stress or damage. Extracellular ATP in the urinary tract function as an endogenous danger signal [2] , and urinary levels of ATP are used as a parameter to differentiate bacteriuria from abacteriuria [3] . In the extracellular environment, ATP binds to purinergic P2 receptors, a versatile class of P2Y receptors (P2Y 1, 2, 4, 6, 8 and [11] [12] [13] ) and P2X receptors (P2X1-7) [4] . These are present on the surface of many cells, and the urothelium has been shown to express several P2X and P2Y receptors [5] . In addition to being released from uroepithelial cells, ATP has also recently been shown to be released by uropathogenic Escherichia coli (UPEC) per se to the surrounding media during a urinary tract infection (UTI) [6] . Due to rapid diffusion and hydrolysis of ATP [7] , the levels of ATP measured in media greatly underestimate quantities that are actually released at the cell surface. ATP-mediated cell activation is generally terminated by surface-bound ectonucleotidases that are expressed on cells [8] . It has been shown that ectonucleotidase-deficient mice and humans with decreased expression exhibit exacerbated inflammatory responses [9, 10] . Evidence that P2 nucleotide receptors directly modulate phagocytosis, chemotaxis and cytokine production [11] [12] [13] further augments the importance of ATP in immune responses.
Bacterial lipopolysaccharide is known to activate TLR4 to initiate signalling cascades that ultimately induce expression of various inflammation-associated genes. Recently, a non-TLR pathway has emerged that may function as a more general pathway for chemokine and cytokine release during infection. It was shown that release of IL-8 and IL-6, generally attributed to TLR4 activation during UTI, can be caused by ATP-induced P2Y 2 activation [6, 14] . The recognition of this more general or alternative pathway confronts the ubiquitous role of the classical TLR4 pathway for urothelial inflammatory cell recruitment during UTI.
Taken together, it may be hypothesised that UPECmediated cellular release of IL-8 and other key chemokines/ cytokines during UTI can also be mediated by ATP acting on P2 receptors that detect the presence of bacterial ATP and/or TLR-potentiated release of endogenous ATP. Therefore, the aim of our study were to examine the functional role of ATP in IL-8 release in response to bacterial infection and to study the similarities in global gene expression responses of renal epithelial cells to both UPEC and ATP stimuli.
Material and methods

Renal epithelial cells and bacteria
The human renal epithelial cell line A498 (HTB-44; American Tissue Culture Collection (ATCC), Manassas, VA, USA) was chosen on the basis that P2 receptor expression and ATPmediated activation of this cell line has previously been characterised [6, 14] , with the conclusion of the latter study that P2Y 2 receptors are responsible for ATP-mediated release of pro-inflammatory cytokines in these cells. The A498 cell line was routinely checked to be uncontaminated with respect to mycoplasma. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10 % foetal bovine serum (FBS), 2 mM L-glutamine, 1 mM non-essential amino acids, and 100 U/mL penicillin and 100 μg/mL streptomycin (PEST) (all obtained from Invitrogen Ltd, Paisley, UK) at 37°C in a humidified atmosphere with 5 % CO 2 . Prior to bacterial infection, confluent cells were incubated with 2 % FBS and gentamicin (50 μg/mL; Invitrogen) for 12 h in order to limit bacterial multiplication during infection. During stimulation, cells were cultured in medium with 2 % FBS without gentamicin.
The uropathogenic E. coli strain IA2, originally isolated from a patient with acute pyelonephritis, was grown on tryptic soy agar (TSA) plates (Becton, Dickinson and Company, Sparks, MD) at 37°C.
Stimulation and measurement of ATP
Cell culture media from A498 cells was collected after 1 and 2 h of stimulation with IA2 (10 8 CFU/ml). Uninfected cells were used as controls, and, in order to evaluate ATP levels generated by UPEC per se, IA2 experiments were also performed in the absence of A498 cells. Collected medium was centrifuged at 5,000×g for 5 min, and ATP levels of supernatant determined directly with an ATP Determination Kit (A22066, Invitrogen) measured on a FLUOstar Optima instrument (BMG Labtechnologies, Germany).
Stimulation and measurement of IL-8
Stimulation was performed during 5 h with adenosine 5′-O-(3-thiotriphosphate) (ATP-γ-S; 20 or 100 μM; Roche Diagnostics) alone or in combination with IA2 (10 8 CFU/ mL) or with lipopolysaccharide (LPS; 1 μg/mL; E. coli serotype O127:B8; Sigma-Aldrich) or IL-1β (10 ng/mL; SigmaAldrich). Experiments were also conducted in the presence of apyrase (2U; Sigma-Aldrich) and after P2Y 2 knockdown. Medium alone, vehicle and scrambled siRNA transfection were used as controls.
Analysis Calculations, statistical analysis and microarray data processing Non-microarray data is shown as mean±standard error of the mean (SEM) with n indicating number of independent experiments. All statistical analysis was performed on raw data, prior to percentage of control transformation, with analysis of variance (randomised block ANOVA) followed by HolmSidak post hoc test (SigmaPlot 11.0, SPSS Science, Chicago, USA). Statistical significance at p≤0.05, ≤0.01 and ≤0.001 is indicated with *, ** and ***, respectively. Microarray data analysis was performed using GeneSpring GX version 12.1 (Agilent) after per chip and gene normalisation. Significantly different expressions were extracted by volcano plot analysis with a corrected p value <0.05 (t test followed by Benjamini-Hochberg multiple testing correction) and a fold change >2. Significant GO term enrichment was set at a corrected p value <0.05 (BenjaminiYekutieli multiple testing correction). The direct entity relationship network analysis was generated through Ingenuity Pathway Analysis (IPA, Ingenuity Systems, www. ingenuity.com) with GeneSpring-derived entity lists. IPA interaction analysis of gene entities was restricted to direct interactions between entities. Identified direct relationship networks represent molecular biological relationships, supported by references from literature and canonical information stored in the Ingenuity Knowledge Base (per July 2012).
Results
IA2 and A498 release ATP upon infection
ATP was released by both IA2 and A498 cells alone prior to infection. However, during infection, the release of ATP was higher than the sum of IA2 and A498 cells alone (Fig. 1) . The effect of ATP-γ-S stimulation on endogenous release of ATP was masked by ATP-γ-S ability to act as a substrate in the luciferase reaction.
IL-8 is released in response to IA2 and/or ATP-γ-S Stimulation with IA2 or ATP-γ-S alone caused a four-and sixfold increase, respectively, in IL-8 release from A498 cells compared to controls. The combination of IA2 and ATP-γ-S gave a potentiating effect on the release of IL-8 with a 15-fold increase compared to controls (Fig. 2) . This effect was higher than the added effects of IA2 and ATP-γ-S; 4,553±782 vs. 2,955±454 pg/mL (p=0.04; t test).
P2Y 2 -receptor is required for IL-8 release
In order to test the effect of released ATP during IA2 stimulation, apyrase, an enzyme that hydrolyses ATP to AMP, was added to the medium during experiments. Apyrase completely removed extracellular ATP (data not shown) and caused a significant decrease in IL-8 released from cells stimulated with the combination of IA2 and ATP-γ-S and with ATP-γ-S alone (Fig. 2) .
To further test the influence of ATP signalling during UPEC infection, the effect of IA2-mediated IL-8 release was studied after knockdown of P2Y 2 receptors. The lipofectamine-mediated siRNA transfection resulted in 78± 4 % knockdown of P2Y 2 mRNA after 72 h with no decrease in cell viability compared to lipofectamine alone or lipofectamine/scrambled siRNA transfection. In addition, this knockdown of P2Y2 receptor expression has previously been confirmed to not decrease other candidate receptors for ATPdependent responses in A498 cells, i.e. P2Y 11 and P2X 7 [14] . The knockdown resulted in a threefold decrease in the responsiveness to either IA2 or ATP-γ-S alone and a fourfold decrease in the responsiveness to the combination of these (Fig. 3 ) when compared to lipofectamine alone or lipofectamine/scrambled siRNA-transfected cells. In order to verify that the general responsiveness of transfected cells against non-P2Y 2 -related stimuli was not affected by the knockdown, cells were stimulated with IL-1β. IL-1β-mediated release of IL-8 was not affected by knockdown of P2Y 2 (Fig. 3) . Thus, P2Y 2 receptor activation had a major influence on IL-8 release during IA2 infection.
Gene expression changes in response to IA2 and/or ATP-γ-S For a more in-depth study of similarities in IA2-and ATP-γ-Smediated host responses, microarray analysis was performed on mRNA isolated from cells stimulated with either IA2 or ATP-γ-S alone or with the combination. Differentially expressed gene entities within each treatment were categorised using Venn diagram and heat maps as shown (Fig. 4) . Of these, 36 gene entities, region R2 of Fig. 4 , were shared between IA2 and ATP-γ-S stimulus, and a selection of 24 is shown in Table 1 . Twenty of the 36 shared gene entities belong to and were enriched in the gene ontology class "response to chemical stimuli" (p=8.84E-5), and 12 of these were also enriched in the gene ontology class "response to bacterium" (p=5.372E-9). In general, IA2 yielded higher fold changes than ATP-γ-S.
The combination of IA2 and ATP-γ-S yielded a higher level of stimulation with 650 significantly altered gene expressions (Table 4) . Of these, the same 36 gene entities, region R2 of Fig. 4 , were shared with both IA2 and ATP-γ-S stimulations; a selection of 24 are shown in Table 1 , and 70 and 27 gene entities were specifically shared with IA2 or ATP-γ-S stimulation, respectively (Fig. 4) . No gene entities were shared between cells stimulated with IA2 or ATP-γ-S that were not found to be shared with cells stimulated with the combination of IA2 and ATP-γ-S, which validates that the effects seen is indeed related to the actual combination of the two stimuli. Of the 36 shared gene entities, seven were significantly higher in the IA2 and ATP-γ-S combination compared to the IA2 infection, denoted with the superscript a in Table 1 , and 25 were significantly higher compared to the ATP-γ-S stimulation; 21 are shown and denoted with the superscript b in Table 1 . Thus, the potentiating effect of IA2 and ATP-γ-S combination seen on IL-8 release (Fig. 2 ) also applies to other significant cellular responses.
Differentially expressed gene entities were not verified by RT-PCR since the scope of our study was to characterise similarities in response pathways rather than focusing on individual gene expression. Therefore, further characterisation of altered gene entities was performed with IPA Functional Analysis Tools in order to determine significant overrepresentation of gene entities in known canonical pathways. The IPA Functional Analysis reports that a total of 88 biological function-annotated pathways, with a z-score ≥2, were identical and shared between the cells incubated with IA2 or ATP-γ-S or with the combination of these (Table S1 ). In addition, interactions between corresponding gene products of altered gene entities were mapped in IPA, and networks of known interactions were created. Figure 5 shows direct interactions of proteins associated with the 36 altered gene entities shared by all treatment. Likewise, interactions between gene products of gene entities altered in the individual IA2, ATP-γ-S, and the combination of these treatments were mapped, and IPA-networks of direct interactions were created as is shown in supplemental figures S1-S3.
Discussion
Both IA2 and A498 cells released ATP during infection, which is in agreement with previously published results [6] . However, the importance of ATP signalling on host responses [15] . In addition, when combined, stimulation with LPS and ATP elicited more rapid and prolonged activation than Fig. 4 induced by either LPS or ATP alone [15] . The potentiated effects of a combined stimulation with IA2 and ATP-γ-S on release of IL-8 and gene expressions in our study may thus be associated with a stronger activation of signalling pathways. The microarray approach of our study provides new and detailed information about biological pathways that are activated by UPEC and ATP. ATP-γ-S was chosen in order to minimise activation of other receptors by hydrolysis product of ATP, and even though receptors responding to ATP and ATP-γ-S are similar, they are not identical. However, the predominantly expressed P2Y 2 receptor of A498 cells is activated by both ATP and ATP-γ-S [14] . The responsive elements of Table 1 include several entities belonging to classical response pathways of bacterial infections. In the case of IA2, these can of course be attributable to the bacterial infection per se, but many of these elements are also elevated by stimulation with ATP-γ-S alone, and the majority have, to our knowledge, not previously been shown to be induced by ATP-γ-S. Several responding entities of Table 1 belong to the chemokine (CCL2, CCL11, CCL20, CXCL1, CXCL2, CXCL3, CXCL8, CXCL9 and CXCL10) or cytokine (CSF2, IL-6, IL-8 and TNF) superfamily. The expression of chemokines in our study is highly increased by both IA2 and ATP-γ-S and further increased by the combination of these. The secretion of both CXC (CXCL1, CXCL8, CXCL9, CXCL10) and CC (CCL2, CCL3, CCL5) chemokines has previously been reported in UPEC-stimulated A498 cells [16] . CCL20, the most upregulated entity in our study, is a constitutively expressed epithelial chemokine [17] that is upregulated by proinflammatory stimuli, such as TNF-α and LPS [18] . CCL20, along with CXCL9 and CXCL10, is known to display antimicrobial activities similar to β-defensins [19] . The secretion profile of chemokines during infection has been shown to vary with bacterial fimbria type [16] . In our study, most of the chemokines induced by IA2 were also induced by ATP-γ-S in the absence of a bacterial stimulus, thus indicating their independence of fimbria type and other bacterial components. ATP-γ-S-mediated release of chemokines may thus have a major influence on infiltration and effector function of immune cells and thereby local host responses of renal epithelia during infection. Neutrophil adhesion to urinary epithelium involves ICAM-1 expressed on uroepithelial cells, and the increased expression of ICAM-1 during IA2 infection in our study is in agreement with previous reports [20] . However, it has also been shown that ICAM-1 expression is induced by ATP [21] , and the increase of ICAM-1 during ATP-γ-S stimulation in our study further signifies similarities between bacterial and ATP stimuli.
Amongst the responding genes of Table 1 are several cytokines, i.e. IL-6, IL-8, CSF2 and TNF, that show increased expression by both IA2 and ATP-γ-S and a further increase by the combination of these. The IL-6 and IL-8 responses of A498 cells to IA2 and ATP have previously been reported [14] , and the increase of TNF has been shown in human UTI [22] . In addition to IL-8, CSF2 (GM-CSF) is also known to be a strong chemoattractant that enhances neutrophil microbicidal activities. The synthesis of CSF2 is inducible by TNF, and several of the responding entities of Table 1 are connected to TNF signalling. Some of these have previously been recognised during UPEC infections [23, 24, 16] , such as TNF-inducible elements coupled to inhibition of cell activation, i.e. TNFAIP3 (A20) and TNFAIP5 (Pentraxin-3); inhibition of apoptosis, i.e. TNFSF14 and BIRC3 [25] and inhibition of NF-κB signalling responses, i.e. TRAF1 and IκBα [26] . Lymphotoxin-beta (LTB or TNF-C), that anchors TNF in membranes [27] , TNFAIP3, Pentraxin-3 and BIRC3, an inhibitor of apoptosis, are all increased by both IA2 and ATP-γ-S in our study and may inhibit genes associated with TNF-and LPS-induced cell activation by blocking mechanism involving transcription factors NF-κB and AP-1 [28, 29] . UPEC infection has been shown to inhibit NF-κB signalling in host cells [30] , and the alterations that are seen in our study may describe countermeasures of renal host cells to intervene invasion and apoptosis. Consequently, both IA2 and ATP-γ-S can inhibit NF-κB-induced transcription and thereby apoptosis.
Conclusions
Taken together, results show an increased release of ATP during infection that may explain many of the observed similarities between host cell responses elicited by a bacterial IA2 stimulus and an inflammatory ATP-γ-S stimulus. In addition, microarray results show that responses to both IA2 infection and ATP-γ-S stimuli appear to reflect a sense of balance between host responses that drive inflammation and concurrent responses that restrain inflammatory responses.
